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The forebrain is patterned along the dorsoventral (DV)
axis by Sonic Hedgehog (Shh). However, previous
studies have suggested the presence of an Shh-
independent mechanism. Our study identifies Wnt/
b-catenin—activated from the telencephalic roof—
as an Shh-independent pathway that is essential for
telencephalic pallial (dorsal) specification during
neurulation. We demonstrate that the transcription
factor Foxg1 coordinates the activity of two signaling
centers: Foxg1 is a key downstream effector of the
Shh pathway during induction of subpallial (ventral)
identity, and it inhibits Wnt/b-catenin signaling
through direct transcriptional repression of Wnt
ligands. This inhibition restricts the dorsal Wnt
signaling center to the roof plate and consequently
limits pallial identities. Concomitantly to these roles,
Foxg1 controls the formation of the compartment
boundary between telencephalon and basal dien-
cephalon. Altogether, these findings identify a key
direct target of Foxg1, and uncover a simple molec-
ular mechanism by which Foxg1 integrates two
opposing signaling centers.
INTRODUCTION
The telencephalon is the most complex and divergent structure
of the vertebrate central nervous system. However, its basic
embryonic organization is highly conserved in all vertebrates.
The telencephalic precursors are located at the anterior margin
of the neural plate (Cobos et al., 2001; Eagleson et al., 1995;
Houart et al., 1998). The anterior neural border/ridge (ANB/R) is
required for establishment of this progenitor domain within the
neural plate, via secretion of antagonists of the Wnt/b-catenin
posteriorizing signals (Houart et al., 2002; Mukhopadhyay
et al., 2001; Yamaguchi, 2001), followed by release of Fgf ligands
(Shimamura and Rubenstein, 1997). As the neural tube folds,
dorsal and ventral midlines become the sources of secreted
molecules that direct the regionalization of the nascent telen-
cephalon. Along the dorsoventral (DV) axis, the telencephalon
is subdivided into the pallial (dorsal) and subpallial (ventral)576 Developmental Cell 16, 576–587, April 21, 2009 ª2009 Elsevierregions from which distinct neuronal subtypes emerge (Rallu
et al., 2002a; Wilson and Rubenstein, 2000).
The prosencephalic roof plate is a source of several signaling
molecules, such as BMPs (Furuta et al., 1997) and Wnts (Back-
man et al., 2005; Galceran et al., 2000; Lee et al., 2000; Parr
et al., 1993; Shimogori et al., 2004), and has been shown to be
crucial for dorsal telencephalic development (Monuki et al.,
2001). Functional analysis of these signaling molecules has
been complicated by their redundancy in expression and func-
tion, as well as by their pleiotropic roles during development
(Anderson et al., 2002; Hebert et al., 2003; Solloway and Robert-
son, 1999; Zhao, 2003). In vitro studies have recently involved
the Wnt/b-catenin pathway in acquisition and/or maintenance
of pallial identity (Gunhaga et al., 2003). Results obtained
in vivo contrasted with in vitro data, as mouse conditional inac-
tivation of b-catenin, the downstream nuclear effector of the
canonical Wnt pathway, does not affect early telencephalic DV
patterning, but results in a failure to maintain pallial identity and
a progressive upregulation of subpallial markers (Backman
et al., 2005).
Shh is known to induce subpallial cell fates (Chiang et al.,
1996; Ericson et al., 1995; Gunhaga et al., 2000). However,
Hedgehog (Hh) pathway activity is not strictly necessary for
this process because embryos lacking both Shh and Gli3 (the
transcriptional repressor constitutively suppressing Shh-depen-
dent activation of target genes) exhibit a nearly normal DV
patterning (Rallu et al., 2002b). These results indicate that Shh/
Gli3 antagonism is not the sole mechanism able to establish
DV telencephalic fates.
A crucial regulator of telencephalic development is Foxg1
(previously named BF1), for which mutations were very recently
identified as the cause of a congenital form of the severe human
neurodegenerative disease Rett syndrome (Ariani et al., 2008).
This Forkhead transcriptional repressor is expressed in telence-
phalic progenitors in all vertebrates and controls DV patterning
and neurogenesis in this structure. Mice lacking foxg1 display
an expansion of dorsal telencephalic markers, whereas ventral
cell fates are not specified, leading to morphological defects of
telencephalic structures (Martynoga et al., 2005; Xuan et al.,
1995). These defects are accompanied by a perturbation of
signaling centers such as a ventral expansion of roof plate wnt
and bmp expression (Hanashima et al., 2007; Muzio and Malla-
maci, 2005), correlated with increased BMP activity inside the
telencephalon (Dou et al., 1999; Hanashima et al., 2002; Marty-
noga et al., 2005), as well as a loss of shh expression in theInc.
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of signaling centers is a primary cause or an indirect conse-
quence of the defects, induced by the lack of foxg1, remained
unknown.
Extensive studies in Xenopus and mice showed that foxg1
regulates neurogenesis (Bourguignon et al., 1998; Hanashima
et al., 2002; Martynoga et al., 2005; Shen et al., 2006; Xuan
et al., 1995). Overexpressing foxg1 results in the proliferation
and suppression of neuronal differentiation (Bourguignon et al.,
1998; Xuan et al., 1995). Conversely, a foxg1 null mutation leads
both to a reduced proliferation rate and accelerated differentia-
tion of telencephalic progenitors and to premature cortical
neurogenesis of early neuronal types at the expense of later
ones (Hanashima et al., 2004; Xuan et al., 1995).
In this study, we show that Hh and Wnt/b-catenin signaling
centers concomitantly establish DV patterning of the zebrafish
telencephalon, through independent induction of subpallial
(ventral) and pallial (dorsal) cell identities, respectively. We find
that the requirement for these two signals in DV patterning is at
its peak during neurulation, and that Foxg1 controls both
centers. Our study uncovers that the absence of subpallial cells
in foxg1-deficient embryos is caused by both their transforma-
tion into pallial progenitors and by partial displacement into
the hypothalamic territory, suggesting a novel role for Foxg1 in
forming/maintaining the compartment boundary. We further
demonstrate that foxg1 is required downstream of Hh activity
for acquisition of subpallial identity. Finally, we identify the
Wnt/b-catenin pathway as the key target of Foxg1 inhibition of
pallial identity, achieved through the direct transcriptional inhibi-
tion of the Wnt8b ligand.
RESULTS
Telencephalic Subpallial-Pallial Patterning
Is Established by Opposing Hh and Wnt/b-Catenin
Activities before Neural Tube Closure
As both subpallial markers, dlx2 and nkx2.1b (newly renamed
titf1a) (see Figures S1A and S1B available online), and pallial
markers, tbr1 and emx3 (Figures S1C and S1D), start to be
detected at the 10- to 12-somite stage (ss) (Figures S1G–S1J),
DV patterning of the telencephalon is taking place before midso-
mitogenesis in zebrafish.
Establishment of ventral telencephalic identity requires Shh
signaling activity (Rohr et al., 2001). shh is first expressed in
the underlying presumptive hypothalamus at the neural plate
stage (Varga et al., 1999) and in the ventral-most region of the
telencephalon from early somitogenesis onward (Figure S1K).
To define the temporal requirement for Shh activity in zebrafish,
we used cyclopamine, an inhibitor of Hh activity (Chen et al.,
2002; Taipale et al., 2000), at different time points and analyzed
the consequences on DV patterning at the 18/22ss. The addition
of cyclopamine at the neural plate stage (bud/2ss) leads to the
absence (n = 6/29) or severe suppression (n = 23/29) of dlx2
expression both in the ventral telencephalon and the preoptic
area (Figure 1B). This is accompanied by a complete abrogation
of nkx2.1b and a ventral expansion of the tbr1 expression
domain (Figure 1K). When the drug was provided at the 8ss,
dlx2 expression in the telencephalon was almost normal,
whereas still severely reduced in the diencephalon (Figure 1C).DevThese results show that establishment of the subpallial character
requires Hh signaling during a very limited time window spanning
from the end of gastrulation until the 8ss.
In vitro studies recently suggested that Wnt/b-catenin influ-
ences telencephalic DV patterning. To test this possibility, we
analyzed patterning in a downregulated Wnt/b-catenin context
by using antisense morpholino oligonucleotides (MOs) targeting
lef1, a nuclear effector of the Wnt/b-catenin pathway (Dorsky
et al., 2002; Lee et al., 2006). We found that lef1 knockdown
leads to a decrease of the pallial markers tbr1 and lhx5 (n = 45;
Figures 1H and 1L and data not shown), whereas the subpallial
markers nkx2.1b and dlx2 are not significantly affected (n = 14;
Figures 1D and 1L). Thus, Wnt/b-catenin activity is required for
the establishment of pallial identity. A prime candidate for
inducing this activity is wnt8b because it is expressed in the
dorsal-most telencephalon from the 5ss onward (Figures S1F
and S1L). wnt8b knockdown (Houart et al., 2002; Riley et al.,
2004) results in a marked reduction of tbr1 and lhx5 expression
(n = 53; Figure 1I and data not shown) without significantly
affecting dlx2 subpallial expression (n = 13; Figure 1E). These
results show that wnt8b is crucial for the establishment of pallial
identity.
In order to define when the Wnt/b-catenin pathway is
required in this process, we used a transgenic line carrying
a heat shock-inducible, dominant-negative form of Tcf3, inhib-
iting Wnt/b-catenin-mediated gene expression (hs-DTCF-GFP)
(Lewis et al., 2004). Wnt repression induced at the bud stage
leads to dramatically perturbed embryos, in which telence-
phalic defects are impossible to analyze (data not shown).
Heat shock performed at the 3/5ss (n = 15; Figures 1N and
1O) as well as at the 8ss (n = 24; Figures 1P and 1Q) results
in a clear reduction of the tbr1+ domain, whereas nkx2.1b is
not affected, or slightly upregulated. Thus, Wnt/b-catenin
activity, induced by wnt8b, is required for the induction of pallial
identity during neurulation.
We then analyzed the possible interaction between Shh and
Wnt/b-catenin signaling activities by analyzing lef1 morphants
treated with cyclopamine at the bud stage. Such embryos still
fail to express the ventral markers dlx2 (n = 13; Figure 1F)
and nkx2.1b (Figure 1M), showing that loss of subpallial
markers in Hh-depleted embryos is not due to an upregulation
of Wnt/b-catenin activity. Moreover, in the double loss-of-func-
tion embryos, tbr1 expression is reduced (Figure 1M) as in
untreated lef1 morphants, indicating that Wnt/b-catenin is
strictly required for pallial development, even when Hh activity
is impaired. These experiments show that both Wnt/b-catenin
and Shh signaling pathways are independently required for
the development of pallial and subpallial telencephalic fates,
respectively.
Foxg1 Function Is Conserved from Fish to Mammals
The expression of the forkhead transcription factor foxg1 starts in
the neural plate telencephalic anlage and later remains in the
telencephalon as a gradient that is high in the ventral region,
low in the dorsal region, and excluded from the roof plate (Figures
2A–2B0). This expression as well as some aspects of the defects
found in the mouse Foxg1 knockout led us to consider this gene
as a possible early mediator of Shh patterning activity and/or
a negative regulator of Wnt activity in the telencephalon.elopmental Cell 16, 576–587, April 21, 2009 ª2009 Elsevier Inc. 577
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embryos generally undistinguishable from wild-type (WT), apart
from a thinner-looking telencephalon, as previously reported in
foxg1 mouse mutants (Figures 2D, 2F, 2H, 2J, and 2L) (Dou
et al., 1999; Xuan et al., 1995). Expression of emx3, tlc, and
fgf3 in the telencephalic anlage at the bud/1ss is unperturbed
in these morphants (data not shown), indicating that induction
of telencephalic identity occurs normally. From the 12ss onward,
the morphants show a complete absence of nkx2.1b and dlx2
expression in the ventral telencephalon (Figures 2D and 2F)
accompanied by an expansion of the dorsal marker emx3,
detected in most of the telencephalon (Figure 2H). We used
a Tg(emx3:YFP) transgenic line, in which YFP labels the whole
telencephalic at prim-5, to better visualize the telencephalic
border (Ellingsen et al., 2005). Compared to controls (Figures
2I and 2K), foxg1 morphants show an expansion of both tbr1
and lhx5 expression domains within the telencephalon (Figures
2J and 2L). These results were obtained in all foxg1MO-injected
embryos.
This patterning phenotype is correlated with a change in
neuronal subtypes: pallial ngn1+ neurons are ventrally expanded
(Figures S2A and S2B), whereas zash1a- and isl1-positive sub-
Figure 1. Shh and Wnt Signaling Activities
Independently Regulate the Establishment
of the Dorsoventral Axis in the Telenceph-
alon
(A–Q) Here, as in all subsequent panels, embryos
are shown in lateral view, with anterior oriented
toward the left and dorsal oriented toward the
top unless stated otherwise. Treatments and/or
MO injected in embryos are indicated in the top
right corners. Embryos are at the 22ss, except
when stated otherwise (bottom left of the picture).
Expression of (A–F) dlx2 and (J–Q) nkx2.1b (blue)
and of (G–I and J–Q) tbr1 (red and blue) in (A, G,
J, N, and P) WT/control, cyclopamine-treated
embryos at the (B and K) bud or the (C) 8ss,
(D, H, and L) the lef1 morphant, the (E and I)
wnt8b morphant, (F and M) lef1 morphants treated
with cyclopamine at the bud stage, and hs-Dtcf-gfp
transgenic embryos heat shocked at the (O) 3ss
and the (Q) 8ss embryos. hyp, hypothalamus; sp,
subpallium; p, pallium.
pallial neurons (Figure S2C and S2E) are
absent in foxg1 knockdown embryos
(Figures S2D and S2F). Moreover, as in
mouse, the onset of neurogenesis is
precocious in a foxg1-depleted context,
because the first mature Hu-positive
telencephalic neurons are detected at
the10/12ss (n = 5/5, Figure 5N) instead
of the 15ss in wild-type embryos (data
not shown, and Figure 5M). Expression
of both pallial ngn1 and subpallial zash1a
normally starts at the 10ss, indicating that
neurogenesis starts concomitantly along
the DV axis (data not shown). Thus, the
expansion of dorsal fates and that
absence of ventral neurons in foxg1 morphants is not explained
by a bias created by premature neurogenesis, but rather by
a patterning defect.
As in mice, zebrafish foxg1 is required for the early telence-
phalic patterning and differentiation of appropriate neuronal
subgroups, indicating a strong conservation in the mechanisms
of early telencephalic patterning and neurogenesis from fish to
mammals.
Foxg1 Is Necessary for the Maintenance
of the Telencephalon Compartment Boundary
The absence of ventral telencephalic progenitors in foxg1-
depleted embryos may be due to specific cell death, local loss
of proliferation, or transformation of these precursors into alter-
native cell fates. We analyzed cell death by acridine orange stain-
ing and caspase3 detection and found no significant difference
between WT and foxg1MO-injected embryos in the telenceph-
alon (Figure S3). Likewise, relevant proliferation defects are not
detected in foxg1 morphants (Figure S3) or in the mouse mutant
(Martynoga et al., 2005). To assess the possibility of fate trans-
formation, we first used a fluorescein laser uncaging method
(Staudt and Houart, 2007). This technique allows for lineage578 Developmental Cell 16, 576–587, April 21, 2009 ª2009 Elsevier Inc.
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reproducibly and specifically (n = 20; Figures 3A and 3B). In
foxg1 morphant telencephalon, the uncaged cells are located
ventrally as in WT, but some now coexpress tbr1 (n = 14; Figures
3C–3D). Thus, in a Foxg1-depleted context, at least some
prospective ventral precursors adopt a pallial fate. Strikingly,
the morphants show uncaged cells located in the basal fore-
brain, either rostral to, abutting, or inside the nkx2.1a+ territory
(n = 41; arrowheads in Figures 3C, 3F, and 3G), whereas this
very rarely occurs in WT (n = 39; Figure 3E, quantification in
Figure 3H). This observation suggests that when Foxg1 is
reduced, prospective ventral telencephalic precursors tend to
join the hypothalamic territory. In order to further explore this
result, we made use of the Tg(emx3:YFP) line described above,
in which YFP labels all telencephalic precursors. We reasoned
that prospective telencephalic cells, moving into the hypotha-
lamic territory in foxg1MO, may transiently keep some YFP
stable protein. We indeed detect YFP-positive cells in the
nkx2.1a+ hypothalamus of foxg1 morphants at the 8ss and the
13ss (n = 39, Figures 3K, 3N, 3N0, 3O, and 3O0), whereas this is
not the case in control embryos (n = 31, Figures 3J and 3M;
quantification shown in Figure 3L). Thus, when Foxg1 is knocked
down, ventral-most precursors tend to lose their telencephalic
identity and often slip into the hypothalamic territory, where
they sometimes adopt the local fate (yfp- and nkx2.1a-positive
cells; n = 3/7). This ‘‘slippage’’ has visible consequences upon
the morphology of the optic stalk and preoptic areas (Figure 3I0
and arrow in Figures 2J and 2L).
Our results therefore indicate that foxg1 is not only crucial
for the specification and maintenance of ventral telencephalic
identity, but also for establishing and/or maintaining the ventral
boundary of the future subpallium during neurulation.
Foxg1 Acts Downstream of Shh during the Acquisition
of Subpallial Identity
Development of the subpallium also depends upon Fgf signaling
(Gutin et al., 2006; Miyake et al., 2005; Storm et al., 2006; Walshe
and Mason, 2003), and both Fgf and Shh signaling activities are
affected in the telencephalon of foxg1/ mutant mice (Huh et al.,
1999). Expression of fgf8 and sprouty4 (a downstream target of
Fgf activity) is rather increased in foxg1 morphants (Figures
S4E and S4F and data not shown), suggesting that the lack of
subpallial fates in these embryos is not due to reduced Fgf
signaling activity. We detected a faint Shh expression in the
ventral telencephalon of WT embryos (Figure S4C) lost in foxg1
morphants (Figure S4G). However, the expression of ptc1,
a direct target of Hh activity (Figure S4D), seems intact or slightly
Figure 2. Foxg1 Is Required for the Development of Subpallial
Progenitors and Restriction of Pallial Character
(A–L) Here, and subsequently, embryos are prim-5 unless stated otherwise at
the bottom left of the picture. (A–B0) foxg1 expression (blue in [A], red in [B] and
[B0]) (A) alone or (B and B0 ) compared to wnt8b (blue). (B0) Transverse section
along the DV axis (white line in [B]). (C–L) Gene expression (on the left of each
row) in controls (left column) or in foxg1 morphants (right column). (I–L) GFP
staining (green) in a Tg(emx3:YFP) line, coupled with (I and J) tbr1 or (K and L)
lhx5 in red. The dotted line indicates the telencephalic border. The arrow in (J)
and (L) indicates abnormal morphology of the baso-alar border. t, telenceph-
alon; d, diencephalon.elopmental Cell 16, 576–587, April 21, 2009 ª2009 Elsevier Inc. 579
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gesting that the Hh pathway is active in the ventral progenitors
of these embryos.
To unambiguously assess whether the defect of ventral cell
types in foxg1 morphants is due to the abrogation of Shh
signaling, we asked if shh overexpression would be sufficient
to rescue these cell types in the morphants. Shh misexpression
in WT induces expansion of the nkx2.1b and dlx2 domains and
loss of pallial markers (Rohr et al., 2001) (n = 10/15, Figures 4C
and 4G and data not shown). However, when the same dose
of shh mRNA is coinjected with foxg1MO, pallial fate is still
repressed (n = 17, Figure 4H), but neither nkx2.1b nor dlx2 is
detected in the telencephalon (n = 21/21, Figure 4D and data
not shown), demonstrating that foxg1 is required either down-
stream or independently of the Shh signaling pathway for spec-
ification of subpallial progenitors.
To discriminate between these two possibilities, we first
assessed foxg1 expression in embryos lacking Hh activity and
found it severely reduced in cyclopamine-treated embryos
during neurulation (Figures 4I and 4J) but not later (not shown),
Figure 3. Prospective Subpallial Precursors
Adopt the Pallial Fate or Move into Basal
Territory in foxg1 Morphants
(A–H) Uncaging experiments. (A) Schematic of the
experimental procedure. The telencephalic anlage
is indicated in bright blue, and the hypothalamus
is indicated in pink. Fluorescein uncaged cells in
(B and E) control or (C, F, and G) foxg1MO
embryos are detected (in red in [B] and [C] or in
green in [E]–[G]) in parallel to (B and C) tbr1 (blue)
or (E–G) nkx2.1a (red, confocal sections). The
quantification of fluorescein+ cells coexpressing
tbr1 in the ventral telencephalon in control or
foxg1 morphants with standard deviation is shown
in (D). Fluorescein+ cells in the hypothalamus/optic
stalk region (arrowheads) are quantified in (H).
(I and I0) Close-up of the rostral forebrain by using
Nomarski optic in (I) control and (I0) foxg1morphant
embryos.
(J–O0) Confocal sections of (M–O0) Tg(emx3:YFP)
with YFP in green and nkx2.1a in red, in (J and M)
control, or (K, N, and O) foxg1MO embryos. (L)
Quantification of YFP+ cells in the hypothalamic
domain.
indicating that induction, but not mainte-
nance, of foxg1 is Hh dependent. We
then tested if expressing foxg1 would
rescue ventral telencephalic cell types in
embryos lacking Hh activity, by injecting
foxg1 RNA in one-cell-stage embryos
and applying cyclopamine at the late
gastrulation stage. In these conditions,
dlx2 staining, which is missing in cyclop-
amine-treated WT embryos (Figure 4L), is
restored in the telencephalon of foxg1-
injected embryos, whereas its expression
in the diencephalon is still absent
(Figure 4M). Likewise, the loss of ventral
telencephalic islet1+ neurons in cyclopamine-treated embryos
(n = 10/10, Figure 4O) is rescued by overexpressing foxg1 (n =
42/51, Figure 4P). However, foxg1misexpression is not sufficient
to rescue the absence of the nkx2.1b+ ventral-most progenitors
(data not shown). Foxg1 is therefore a key downstream effector
of Shh in the induction of subpallial fates.
Unexpectedly, the induction of subpallial neurons by broad
foxg1 overexpression in Hh-depleted embryos only occurs in
the ventral telencephalon (Figures 4M and 4P). Moreover, inhibi-
tion of tbr1 by shh overexpression (Figure 4G) still occurs in foxg1
morphants (Figure 4H), indicating that foxg1 and Shh act inde-
pendently when repressing pallial fates.
Foxg1 Limits Pallial Fate by Restricting Wnt/b-Catenin
Activity inside the Dorsal Telencephalon
The expansion of pallial character in foxg1 knockout mice was
correlated with ectopic expression of roof plate BMPs and Wnt
signaling molecules (Dou et al., 1999; Hanashima et al., 2002,
2007). In zebrafish, we were unable to find reliable Bmp telence-
phalic expression (Thisse et al., 2004). However, wnt8b580 Developmental Cell 16, 576–587, April 21, 2009 ª2009 Elsevier Inc.
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the 5/6ss, when wnt8b is normally first detected in the telence-
phalic roof (Figures 5A and 5B and data not shown). We used
the Tg(topdGFP) transgenic line, in which GFP is expressed
under the control of a b-catenin-responsive promoter, to visu-
alize strong Wnt/b-catenin activity (Dorsky et al., 2002), and we
found gfp expressed in the dorsoposterior telencephalon
(Figure 5C). Knocking down foxg1 function in these embryos
led to the enhancement and ventral expansion of gfp expression
(Figure 5D), showing that foxg1 normally restricts Wnt/b-catenin
activity in the dorsal telencephalon.
To test whether pallial expansion in foxg1morphants is caused
by Wnt/b-catenin upregulation, we coinjected foxg1MO with
either lef1MO or wnt8bMO and analyzed tbr1 expression in the
Tg(emx3:YFP) line (Figures 5E–5H). In these conditions, the DV
extent of tbr1 expression is either restored as in control (n = 59/
95) or reduced as in lef1MO orwnt8bMO single-injected embryos
(n = 36/95), but never expanded as in single foxg1 morphants
(Figures 5E–5H and data not shown). Moreover, in the double
morphants, the number of tbr1+ neurons is not significantly
different from that in WT embryos (Figure S5). Thus, downregulat-
ing the Wnt/b-catenin pathway abrogates the expansion of pallial
cell types and the excess of neuronal differentiation observed in
foxg1 morphants, showing that foxg1 normally represses pallial
identity via inhibition of Wnt/b-catenin activity.
In contrast, the knockdown of either wnt8b or lef1 does not
rescue dlx2 subpallial expression in foxg1 morphants (n = 93;
Figures 5I–5L), indicating that upregulation of Wnt activity is
Figure 4. Foxg1 Functions Downstream of
Shh Activity to Induce Subpallial Character
(A–P) The markers analyzed are indicated on
the left of each row. The identity of the embryos
is indicated on top of each column. (A–H) Expres-
sion of (A–D) nkx2.1b and (E–H) tbr1 when shh is
overexpressed in (C and G) WT or in (D and H)
foxg1 morphants, compared to (A and E) WT or
(B and F) foxg1 morphants. (I and J) Foxg1 expres-
sion in the (I) 5ss control or in (J) embryos treated
with cyclopamine at bud stage. (K–P) Effects of
cyclopamine treatment at the bud stage in (L and O)
WT or (M and P) foxg1-overexpressing embryos on
dlx2 and islet1 compared to (K and N) untreated
WT. (K–M) Telencephalon is highlighted by tbr1
expression in red (insets).
not solely responsible for the repression
of the subpallial fates in foxg1morphants,
consistent with the finding that Foxg1 is
a key effector of subpallial fate, down-
stream of the Hh pathway.
Finally, a recent study showed that
Foxg1 regulation of neurogenesis is
partly independent from the telence-
phalic roof plate in mouse (Hanashima
et al., 2007). We therefore assessed
whether the precocious differentiation of
neurons in the foxg1 morphants (Figures
5M and 5N) was Wnt/b-catenin depen-
dent. We found that although dorsal
patterning is restored in the foxg1MO;lef1MO double morphants,
precocious neurogenesis is still detected at the 10/12ss (n = 4/4,
Figure 5P), therefore uncoupling the role of Foxg1 in the timing of
neurogenesis from its function in patterning. By the 16ss, the
neuron number in the double morphants (n = 6) become very
similar to that of WT (n = 7), whereas the single foxg1MO all
have at least twice this number in the telencephalon (n = 6,
Figure S5 and data not shown). These data strongly support
findings from the mouse (Hanashima et al., 2007) and demon-
strate the presence of temporally separated Wnt/b-catenin-
independent and Wnt-dependent Foxg1-regulated neuronal
subtypes.
Foxg1 Inhibits Pallial Identity by Direct Transcriptional
Repression of Wnt Ligands
Our results indicate that foxg1 is required in two independent
manners in the telencephalon: as a downstream effector of Shh
in subpallial progenitors and as a negative modulator of Wnt/b-
catenin activity in the developing pallium. In order to explore
this differential function of Foxg1, we generated, by transplanta-
tion, mosaic embryos with WT and foxg1MO telencephalic cells.
Foxg1MO cells, located ventrally fail to express ventral markers,
whereas the WT neighboring cells are not affected (n = 4/4, data
not shown), showing that foxg1 is required cell autonomously for
the acquisition of ventral telencephalic identity.
We then assessed wnt8b expression in mosaic embryos and
found that foxg1-depleted cells ectopically switch on wnt8b
expression (Figures 6B and 6B0, asterisk). This ectopic activationDevelopmental Cell 16, 576–587, April 21, 2009 ª2009 Elsevier Inc. 581
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position (n = 17/17), but never ventrally (n = 20/20; Figure 6B,
arrowhead). This suggests that foxg1 is required cell autono-
mously in pallial precursors to repress wnt8b expression.
Strikingly, when foxg1MO cells are located next to the roof plate,
wnt8b expression is also induced in the WT surrounding cells
(n = 4; Figures 6B and 6B0, arrows), indicating a non-cell-autono-
mous dorsalization of pallial precursors. This is confirmed by
ectopic tbr1 expression both within the foxg1MO clones (asterisk)
and in surrounding WT host cells (arrow, n = 12; Figures 6D and
6D0). Thus, dorsally, foxg1 restricts pallial identity both cell- and
non-cell autonomously, presumably via a Wnt-dependent activa-
tion. To test this, we transplanted foxg1MO donor cells in lef1mor-
phant hosts, where progenitors are unable to respond to Wnt
ligands. In this context, foxg1MO clones inducewnt8bexpression
cell autonomously (n = 16; Figures 6C and 6C0, asterisks), but are
unable to induce wnt8b expression in lef1MO surrounding cells,
even when located in the vicinity of the roof plate (Figures 6C
and 6C0, arrow). Likewise, tbr1 is detected ectopically within
dorsal foxg1-depleted cells (Figures 6E and 6E0, asterisk), but
not in the surrounding lef1MO cells (n = 5). Thus, non-cell-auton-
omous dorsalization of the telencephalon by Foxg1 morphant
cells is caused by the local upregulation of Wnt/b-catenin activity,
induced by wnt8b expression in the morphant cells.
As Foxg1 acts as a transcriptional repressor, it may directly
inhibit wnt8b transcription. We examined this possibility by as-
sessing the ability of Foxg1 to bind and silence wnt8b promoter
activity. For this purpose, we made a wnt8b(1.4):eGFP construct
in which eGFP is under the control of 1.4 kb of the wnt8b
promoter (Figure S6). Injection of this construct drives mosaic
Figure 5. Upregulation of Wnt/b-Catenin
Signaling Activity Controls the Expansion
of Pallial Fates in foxg1 Morphants
(A–L) (A and B) wnt8b and (C and D) topdGFP
expression in (A and C) control or (B and D)
foxg1MO embryos. Expression of tbr1 (red) and
YFP (green) in (E–H) Tg(emx3:YFP) or (I–L) dlx2 ,
in embryos injected with (F and J) foxg1MO alone
or in (G and K) combination with wnt8bMO or
(H and L) lef1MO.
(M–P) Dorsal views (anterior is oriented toward the
left) showing confocal images of double immunos-
taining of the mitotic marker phosphorylated H3
(red) and the postmitotic neuronal marker HuC
(green) in (M) WT, (N) foxg1MO, (O) lef1MO, or (P)
foxg1MO;lef1MO double morphants.
and transient GFP expression in the
presumptive midbrain, where wnt8b is
endogenously expressed at the bud
stage (n = 39/87, Figures 7C and 7I). Mis-
expression of foxg1 RNA in the whole
embryo results in inhibition of wnt8b(1.4):
eGFP transgene expression, indicating
that foxg1 is capable of repressing wnt8b
expression (44/49, Figures 7D and 7I).
Conversely, injection of transcripts
coding for an activator form, XFoxg1E1A,
containing the Xenopus foxg1 DNA-
binding domain fused with the transcription activator domain
of E1A (Bourguignon et al., 1998) induces increased and ectopic
expression of wnt8b(1.4):eGFP within and outside of the neural
plate (n = 62/71, Figures 7E and 7I). This strongly suggests direct
regulation of the wnt8b promoter by Foxg1.
To establish whether Foxg1 directly binds the wnt8b promoter
in vivo, we performed a chromatin immunoprecipitation (ChIP)
assay from prim-5 whole embryo extracts (modified from [War-
dle et al., 2006]). The DNA is precipitated by either anti-Foxg1
or anti-Histone 4 (positive control, not shown) or IgG (negative
control) and tested by PCR, with primers for either two specific
areas of thewnt8b promoter or a fragment of the MyoD promoter
(negative control). The twownt8b areas were chosen for being as
far apart as possible to avoid overlapping target areas (Figure 7A;
Figure S6; sonicated DNA is 300–750 bp long). Our results, from
three independent precipitations with Foxg1 antibody, show
a clear enrichment of DNA for wnt8b area 1, whereas both
myoD and wnt8b area 2 are present at the background level
(Figure 7B). Foxg1 therefore binds the wnt8b promoter in or
around area 1 in the first 500 bp of the wnt8b promoter, in agree-
ment with the position of the putative Fox-binding sites found in
this promoter (see Figure S6). These putative binding sites are
conserved in the mouse wnt8b gene promoter, suggesting that
this gene is a Foxg1 target in all vertebrates.
To verify that Foxg1 binding to the wnt8b promoter induces
repression of transcription, we deleted Foxg1 putative binding
sites in the wnt8b promoter and examined whether this version
of the promoter was still regulated by Foxg1. Injection of the
wnt8b(1.4Dfox):eGFP construct, carrying all three deletions,
leads to broader GFP expression in WT embryos, including in582 Developmental Cell 16, 576–587, April 21, 2009 ª2009 Elsevier Inc.
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Nonautonomously for the Restriction of Pallial Identity
(A–E0) All embryos are at the 20ss. All panels show telencephalic dorsal views;
anterior is oriented toward the left. The right column shows high magnification
of the images on the left. (A) Schematic explaining the plan of section of the
confocal images below. The normal wnt8b expression domain is pale red.
(B–E) Confocal images of mosaic embryos with transplanted foxg1MO cells
in green and (B–C0) wnt8b or (D–E0) tbr1 expression in red. Asterisks indicate
foxg1MO cells, and arrows show neighboring host cells. Host embryos are
(B, B0, D, and D0) WT or (C, C0, E, and E0) lef1 morphants. The arrowhead in
(B) and (D) indicates the foxg1MO cells located in the ventral telencephalon.Devforebrain territory (Figures 7F and 7I). When coinjected with
zebrafish foxg1 RNA, GFP expression now fails to be repressed
(Figures 7G and 7I), showing that the deleted sequences were
indeed required for direct repression by Foxg1. Foxg1 therefore
directly binds and downregulates wnt8b promoter activity,
thereby restricting the dorsal signaling center to the roof plate,
and consequently controlling the extent of the pallial territory.
DISCUSSION
This study shows that telencephalic DV patterning depends on
concomitant activity of the ventral/Hh and dorsal/Wnt organizing
centers, during neurulation. Furthermore, it unveils the complex
integrative role of Foxg1 transcription factor during regionaliza-
tion of the telencephalon. Foxg1 is required to induce or maintain
the compartment boundary between the telencephalon and the
optic stalk/hypothalamus. Moreover, its activity is required for
specification of subpallial cell fate, downstream of Shh. Finally,
Foxg1 represses pallial fate in an Hh-independent manner,
through direct transcriptional inhibition of Wnt ligands, thereby
defining the size of the dorsal signaling center. Our study iden-
tifies wnt8b as a key transcriptional target of Foxg1 and reveals
a simple mechanism by which one transcription factor controls
telencephalic regionalization by independently regulating the
activity of two distinct signaling centers. Combining the present
findings with the results of previous studies leads to a coherent
model of the genetic interactions controlling subpallial/pallial
patterning in vertebrates, in which Foxg1 is a central integrator
of two signaling centers (Figure S7).
The Telencephalon Is Regionalized along
the DV Axis by Concomitant Opposing Activities
of Hh and Wnt/b-Catenin Signaling Pathways
Previous in vitro studies showed that chick forebrain precursors
require Shh to generate ventral telencephalic cell types prior to
HH6 (5ss in zebrafish), whereas diencephalic precursors
require a longer exposure to the signal to produce ventral
neurons (Gunhaga et al., 2000). Our results confirm these find-
ings and show that molecular mechanisms underlying ventral
telencephalic specification are strongly conserved among verte-
brate species. The Wnt/b-catenin pathway is necessary for the
maintenance of mouse pallial identity (Backman et al., 2005).
Our present study shows that Wnt/b-catenin activity is also
unambiguously required for induction of the pallial character
prior to neural plate closure. However, our data do not support
a progressive dorsalization of an induced ventral/subpallial
telencephalic anlage, proposed by Gunhaga and coworkers,
because Wnt’s requirement for acquisition of pallial fate is
concomitant to, and independent of, the establishment of sub-
pallial identity by Hh.
We identified wnt8b as an important ligand in this process. In
chick and mouse, wnt8b telencephalic roof plate expression is
initiated later than in zebrafish and frog (Hollyday et al., 1995;
Lee et al., 2000; Richardson et al., 1999). Wnt1 might then fulfill
Wnt8b function, as it is expressed in a similar territory inside the
neural plate in these species. As the neural tube closes, Wnt8b
expression in the prosencephalic roof plate may then maintain
pallial identity in all species. Alternatively, the establishment of
DV identities may be triggered later in higher vertebrates.elopmental Cell 16, 576–587, April 21, 2009 ª2009 Elsevier Inc. 583
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of Subpallial Fates
The lack of subpallial markers in the foxg1/ mutant was first
interpreted as a consequence of a reduced proliferation of ventral
telencephalic precursors (Xuan et al., 1995). However, a more
Figure 7. Foxg1 Binds to the wnt8b
Promoter and Represses Its Transcription
(A) Schematic of the wnt8b promoter sequence
cloned and used for the transgenic construct
(see Figure S6).
(B) PCR results of the ChIP assay. The Foxg1 ChIP
shows a specific enrichment of the area 1 band of
the wnt8b promoter (see Figure S6) compared to
MyoD (negative control) or area 2 and significantly
higher enrichment than in the IgG ChIP (back-
ground control).
(C–H) Lateral views (anterior is oriented toward
the top of the bud-stage embryos) showing cells
expressing GFP (brown), under the control of the
wnt8b promoter described in (A) and in
Figure S6. (C–E and H) Wnt8b1.4:GFP DNA or
(F and G) wnt8b1.4DFox:GFP injected either
(C and F) alone or with (D and G) Foxg1, (E)
FoxG1-E1A, or (H) E1A transcripts.
(I) Quantification of embryos showing GFP expres-
sion. The numbers shown are the sum of two
independent experiments with standard deviation.
recent work showed that the proliferation
defect is not specific to the subpallial
area, and rather indicated a defect of
specification of subpallial identity in the
foxg1/ mice (Martynoga et al., 2005).
We strongly support this conclusion.
First, we never found subpallial markers
in foxg1 morphants. Furthermore, in
foxg1 knockdown embryos, we found
that prospective ventral telencephalic
progenitors are either moving into the
basal diencephalon or transformed into
pallial cell types. Nevertheless, the sub-
pallial to pallial transformation seems
only partial, as pallial markers are never
induced in the ventral-most region of the
telencephalon in foxg1 morphant zebra-
fish and mutant mice (Xuan et al., 1995).
This suggests that either the ventral-
most telencephalic progenitors are taking
an intermediate cell fate for which we lack
markers or ventral-most progenitors are
not permissive for the acquisition of pallial
identity, due to the presence of ventral
signals such as Fgf (Walshe and Mason,
2003) or Nodal. Several components of
the Nodal pathway are expressed in the
prechordal plate and/or anterior basal
neural tissue at the neural plate stage
(Rohr et al., 2001) and are shown to be
required for the specification of subpallial
fates, through activation of shh (Rohr
et al., 2001). Our findings (not shown) strongly suggest that
foxg1 loss of function has no effect on forebrain Nodal activity.
Finally, displacement of the foxg1MO ventral-most telence-
phalic cells into basal prosencephalon demonstrates a loss of
ventral telencephalic boundary accompanied by some defect584 Developmental Cell 16, 576–587, April 21, 2009 ª2009 Elsevier Inc.
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cephalic tissue may therefore have a partial optic stalk/pre-optic
area-like identity.
Foxg1 Controls the Size of the Dorsal Wnt Signaling
Center by Direct Repression of Wnt Transcription
Our results show that foxg1 is a telencephalon-specific down-
stream effector of the Hh pathway. As shh expression is lost in
the foxg1 morphant subpallium, Foxg1 may also maintain Shh
in this structure (Figure S7). We also demonstrate that Foxg1
functions independently of Hh in restricting pallial identity,
through direct repression of wnt8b. We identify the wnt8b
promoter region responsive to Foxg1 and to which Foxg1 binds
in vivo. This region contains one regulatory area upstream of the
gene, highly conserved in seven vertebrates analyzed (from Fugu
to Human), containing three Fox-binding sites (red in Figure S6).
Deletion of these sites leads to loss of transcriptional repression
by Foxg1, indicating a conserved direct repression of wnt8b
transcription by Foxg1. Deleting these areas in the wnt8b
promoter delocalizes the transgenic expression, within and
outside the neural plate, indicating that these areas also contain
elements necessary for generally repressingwnt8b expression in
the early embryo.
Foxg1, expressed throughout the telencephalon, defines the
limit of expression of the dorsal signaling molecule Wnt8b to
the roof plate, subsequently restricting specification of dorsal
cell types by this signal. Foxg1 may also repress the Wnt/b-cat-
enin activity at another level of the pathway. Biochemical studies
showed that Foxg1 physically interacts with intracellular effec-
tors of signaling pathways, i.e., Groucho/TLE and FoxH1 (Dou
et al., 2000; Yao et al., 2001). The latter is a nuclear effector of
TGFb signaling pathways, whereas Groucho proteins function
as corepressors for specific subsets of DNA-binding transcrip-
tion factors, including the Wnt/b-catenin target Tcf3 (Chen and
Courey, 2000). Thus, Foxg1, in addition to controlling expression
of the signal, may modulate the response to this signal. As foxg1
is expressed in a high ventral to low dorsal graded manner, the
specific cell identities defined along the DV axis inside the
pallium may depend upon a gradient of Wnt/b-catenin activity
shaped by Foxg1, both by spatially restricting the Wnt signaling
center as well as by a graded intracellular repression by Foxg1
on the Wnt target genes.
Dual Wnt-Dependent and -Independent Functions
of Foxg1 in Neurogenesis
In foxg1/ mice (Xuan et al., 1995; Martynoga et al., 2005) and in
foxg1 morphants (this study), telencephalic neurons differentiate
precociously. The nature of the relationship between excessive
neurogenesis and patterning was unexplored until recently.
Several pieces of evidence show that Wnt/b-catenin activity
directly regulates proliferation and neurogenesis in the CNS. It
is therefore likely that upregulation of Wnt/b-catenin at an early
stage of telencephalic development in foxg1 morphants triggers
increased cell cycle exit and excessive neurogenesis.
However, recent mouse work strongly suggests two distinct
routes by which Foxg1 regulates differentiation of the early
cortical neurons, one of which is independent of the telence-
phalic roof (Hanashima et al., 2007). Our study strongly supports
this finding, adding a temporal distinction between these twoDeveroutes. Indeed, we unambiguously found that the precocious
birth of neurons inside the foxg1 morphant telencephalon is
initially Wnt/b-catenin independent. However, further depletion
of the progenitor pool and excessive differentiation is found to
be Wnt/b-catenin dependent (Figure S5 and data not shown).
This suggests that independently of its patterning function,
Foxg1 is part of a general clock, defining the time at which the
first wave of neuronal progenitors become postmitotic, regard-
less of their DV location. Then, directly after this initiation step,
a quantitative control on neuronal differentiation takes place,
directly modulated by the dorsal Wnt signaling center, which
then controls both pallial patterning and neurogenesis.
EXPERIMENTAL PROCEDURES
Embryo Treatment
We treated dechorionated embryos with 100 mM cyclopamine (Toronto
Research chemicals) added to fish water. Heat shocks were performed for
1 hr at 37C in fish water.
Morpholino and RNA/DNA Injections
Injections were realized at the 1- to 4-cell stage. The lef1 splice blocking MO
(Lee et al., 2006) was used at 1.4 pmol/embryo; wnt8bMO (Riley et al., 2004)
was used at 0.2 pmol/embryo. A foxg1 translation blocking MO was designed
(50-CTTTTCTTTCTCCCATATCCAACAT-30 ) and used at 1.07 pmol/embryo.
Shh RNA was transcribed from pSP64T-shh plasmid, Gli3R was transcribed
from pCS2+ (mMessage mMachine kit, Ambion), and 30 pg/embryo was
injected. We injected 0.1 pg/embryo Xfoxg1 RNA (Bourguignon et al., 1998)
and 200 pg/embryownt8b(1.4):gfp orwnt8b(1.4)DFox:gfp DNA with or without
5 pg/embryo zfoxg1 RNA or 5 pg/embryo Xfoxg1E1A RNA.
In Situ Hybridization and Immunohistochemistry
In situ hybridization and immunohistochemical staining were performed by
following standard procedures (Macdonald et al., 1994; Wilson et al., 1990).
For immunostaining, embryos younger than the prim-5 stage were fixed in
4% PFA at 4C overnight, and older embryos were fixed in 2% TCA for 3 hr
at room temperature. Detection of YFP in the Tg(emx3:YFP) line was achieved
by using anti-GFP antibody (Torrey Pines Biolabs) at 1/1000. Primary anti-
bodies were used at the following dilutions: anti-HuC/HuD (Molecular probes)
at 1/200, anti-acelylated tubulin (Sigma) at 1/1000, anti-phosphohistone H3
(Upstate biotechnology) at 1/250. Peroxidase-coupled secondary antibody
(Sigma) was used at 1/200, and Alexa-coupled secondary antibody (Invitro-
gen) was used at 1/1000. Photos were taken with a Nikon Eclipse E800 micro-
scope. Confocal imaging was done by using a Nikon Eclipse C1 microscope.
Uncaging Experiments
We followed our previously described uncaging procedure (Staudt and Houart,
2007). Presumptive ventral telencephalic cells, at the most anterior position of
the neural plate, just above the polster, were targeted with a laser beam (565
nm) to convert caged fluorescein into its fluorescent form. Uncaged dye was
processed for anti-fluorescein antibody coupled with Alexa 488 (Invitrogen,
1/1000), amplified with Alexa 488 secondary antibody or with alkalin phospha-
tase (Roche).
Cell Transplantation
Donor embryos were injected with foxg1 fluorescein-tagged MO and grown up
to the 1000-cell stage. We then transferred donor cells to the animal pole of
50% epiboly host embryos. Fluorescent foxg1MO cells were later detected
by anti-fluorescein antibody coupled with Alexa 488 (Invitrogen) and amplified
with Alexa 488 secondary antibody or with alkalin phosphatase (Roche). In situ
hybridization was then performed.
Sequence Analysis
The wnt8b promoter sequence was analyzed with the BiFa-tool software,
comparing the database of putative regulatory regions called ReMo-DB with
the Ensembl, TRANSFAC, and TRANSPATH databases.lopmental Cell 16, 576–587, April 21, 2009 ª2009 Elsevier Inc. 585
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The protocol used for the chromatin immunoprecipitation (ChIP) assay was
described previously (Wardle et al., 2006). We used 300 24 hr postfertiliza-
tion-stage embryos per assay. Samples were sonicated (Sonic VibraCell) on
ice 14 times (7 s pulse, 40% ampl.). For immunoprecipitation, 10 mg of an anti-
body against Foxg1 (Abcam) or 5 mg rabbit IgG (Roche) as negative control
was used. To assess binding to the Wnt8b promoter, we used four different
sets of primers: two covering the putative binding sites and two in the adjacent
areas (Figure S6). Wnt8b area 1, F, 50-TGCCATCCCGATTTCATATT-30, and
R, 50-GCTCCTCTCATCCCAACAAG-30; Wnt8b area 2, F, 50-AACTTTTACTATA
ATATGGTAAATG-30, R, 50-TAAATCCTCTGGTCTTTTTTGAAT-30. We used
a primer set amplifying 130 bp of the MyoD promoter region as a measure
of background nonspecific DNA precipitation (Havis et al., 2006).
Site-Directed Mutagenesis
The site-directed mutagenesis was made by using the QuickChange XL
Site-Directed Mutagenesis Kit (Stratagene). We used three sets of primers to
delete the putative Foxg1-binding sites in thewnt8bpromoter region: 1F, 50-CCC
TTTTGATCATTTCAATCTCTTTCTGATTGGCTGAACGAGTAAG-30, 1R, 50-CTTA
CTCGTTCAGCCAATCAGAAAGAGATTGAAATGATCAAAAGGG-30; 2F, 50-TGA
AGTCCTCCTGAAAACCACAATCCAATCGATTATCCC-30, 2R, 50-GGGATAATC
GATTGGATTGTGGTTTTCAGGAGGACTTCA-30; 3F, 50-CTTATCTATGTTAATTC
CCGCTGAATCTCTTTGGATTCTTTCGG-30, 3R, 50-CCGAAAGAATCCAAAGAG
ATTCAGCGGGAATTAACATAGATAAG-30.
SUPPLEMENTAL DATA
Supplemental Data include eight figures andcan be foundwith this article onlineat
http://www.cell.com/developmental-cell/supplemental/S1534-5807(09)00097-5.
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